Abstract
Introduction

1
A key determinant of biogeographic and macroecological patterns in all 2 microbial communities is dispersal 1 . Microbial uptake to the aerosphere, persistence 3 during transit and deposition all play a central role in determining dispersal outcomes 4 2, 3 and extra-range dispersal has important implications for predicting ecosystem 5 resilience and response to environmental change 4 . Airborne microbial transport on fine 6 particulate matter has typically been regarded as ubiquitous due to the small size and 7 survivability of cells [5] [6] [7] . Therefore, large scale patterns in microbial diversity are often 8 viewed as developing largely due to deterministic niche-driven processes 8, 9 . Much of 9 the existing evidence for airborne (also known as aeolian) transport of microorganisms, 10 typically viewed as a neutral process 10 , is inferred from extant communities at source 11 and sink locations e.g. [11] [12] [13] . Furthermore, direct measurements of airborne microbial 12 taxa have largely focused on indoor or outdoor built environments e.g. 14-16 rather than 13 across natural environmental gradients. This limits our understanding of how microbial 14 transport drives biogeographic patterns. The extent to which the aerosphere is a habitat 15 as opposed to simply a medium for microbial transport is also unresolved and as a 16 result the influence of airborne transport on observed patterns in microbial 17 biogeography has been subject to much speculation supported with little tangible 18 evidence [17] [18] [19] .
19
Antarctica is a focus for microbial ecology research due to its geographic 20 isolation, lack of trophic complexity and human influence 20 and vulnerability of 21 endemic biodiversity to climate change 21 . The extent to which airborne immigration 22 may influence isolated Antarctic terrestrial microbial communities, however, is an 23 enduring enigma in microbial ecology [22] [23] [24] [25] . Highly specialised microbial communities 24 display strong allopatric signals [26] [27] [28] [29] , yet microbial dispersal is conventionally viewed Some taxa, notably cyanobacteria, have been shown to display phylogenetic endemism 7 in Antarctica at the level of rRNA gene-defined diversity [26] [27] [28] [29] . Also, lichenised fungi 8 displayed patterns in diversity that suggest that they radiated from local refugia rather 9 than from exogenous sources outside Antarctica 33 . A global theoretical model for 10 atmospheric aerosols estimated that the rate of airborne microbial exchange to 11 Antarctica may be extremely low, with 90% of aerosols expected to be of local origin 34 .
12
In contrast, empirical studies have claimed circum-polar distribution for some 13 Cyanobacteria, chlorophyte algae, and Fungi 22, 30, 35 . Antarctica therefore presents a 14 paradox in microbial biogeography with regard to microbial dispersal.
15
Evidence for airborne microorganisms in Antarctica is scarce: two early studies recoverable from bulk air and may harbour far greater diversity than previously 22 envisaged 38 . These studies were generally inconclusive as to the origin and relationship 23 to local habitats due to methodological constraints (Online Supplementary Material).
24
Here we use state-of-the art sampling, sequencing and statistical approaches to study 25 the diversity of airborne and soil microbial communities in a typical Antarctic Dry 1 Valley. We targeted Bacteria and Fungi because these domains are the most abundant 2 microorganisms in the McMurdo Dry Valleys 31 . We tested the null hypotheses that air 3 and soil microbial communities are a random sample of the regional and global 4 microbial pools. For doing so, we acquired massive bulk-air samples and estimated, for 5 the first time, microbial diversity in near-ground air and underlying soil for low and 6 high elevation sites, as well as polar air above the boundary layer for surface 7 interactions and non-polar sources. 
Results and Discussion
10
The incoming air mass to our study site in the McMurdo Dry Valleys largely 11 transited above the Antarctic Plateau during the maximum predicted residence time for 12 bacteria and fungi in air (15 days) 34 , whilst the most distant air mass had a non-polar 13 origin above the coastal shelf of New Zealand (Fig. 1a) . Transport was exclusively from 14 the Polar Plateau and across the Trans-Antarctic Mountains during the average 15 residence time for microorganisms in air (Fig. 1a) . We thus envisage that severe 16 selection pressure should occur during airborne transit in an air mass with freezing 17 temperatures and high UV exposure at mean altitudes of 2769m (3 day transit) and 18 3034m (15 day transit).
19
In general terms, we found that alpha diversity metrics for air and elevated high-20 altitude soils were distinct from those observed in valley soils, with taxa richness being 21 more variable in valley soils than in air and elevated soils (Fig. 1b,c) . These results near-term airborne deposition to this system. Bacterial taxa richness was similar among 1 all samples although slightly higher in air and elevated soil (Fig. 1b) . Conversely, the 2 richness of fungal taxa was highest in valley soils, and lower in air and elevated soils 3 (Fig. 1c) . Soils also displayed greater evenness and lower richness values than air 4 samples and this tentatively indicated that airborne fungi are under strong selective 5 pressure. Ordination analyses of weighted UniFrac distances for bacteria and fungi 6 supported these trends in alpha diversity (Fig. 1b,c) . Valley soil bacterial communities 7 separated clearly from air and elevated soil communities (Fig. 1b) . A similar although 8 less pronounced pattern was observed for fungi (Fig. 1c) .
9
Taxonomic assignment of bacteria and fungi revealed further complexity.
10
Airborne phylum-level bacterial diversity was dominated by Proteobacteria,
11
Bacteroidetes and Firmicutes (Fig. 1d, Online Supplementary Information Fig. S2 ). Phyla 
2
The most abundant fungal taxa in air were basidiomycetous yeasts (Fig. 1e,   3 Online Supplementary Information Fig. S2 ) whereas soils were dominated by 4 unclassified fungi also including yeasts. The yeasts are thought to be well-adapted to 5 growth in Antarctic soil habitats 39 . Ascomycetes were also commonly encountered but 6 Chytrids occurred only in valley soil and air. Valley soils supported 48.3% habitat-7 specific taxa while elevated soils and high-altitude air showed the lowest number of 8 habitat-specific taxa (4.9-8.7%). The different air habitats shared approximately half the 9 taxa encountered in each habitat. Fungi are well-adapted to conditions anticipated 10 during atmospheric transport due to the production of resistant spores and UV-11 protective compounds 40, 41 . Local recruitment may, however, be limited to asexual 12 states since teleomorph fruiting structures are not known from Antarctic fungi 42 .
13
We achieved near-asymptote in diversity estimation for all samples (Online for the 1,000 most abundant taxa. This analysis captured 91% of total bacterial and 17 96% of total fungal diversity in the libraries (Fig. 2a,b) . We also incorporated diversity assumption that microbial dispersal is ubiquitous and deterministic niche processes are 24 the primary driver of community assembly in terrestrial surfaces 1, 10 . We therefore 25 further interrogated this association using Ecological Network Analysis (Fig. 2c ).
1
Overall non-polar air displayed least connectivity to all other Antarctic habitats as 2 previously observed by the weak associations and greater Bray-Curtis distances 3 between them (Fig. 2c) . Bacterial communities clustered by habitat type (Fig. 2c) . This for fungi compared to bacteria due to allometric considerations 34 .
16
We conducted additional analyses (Nestedness Analysis and Net Relatedness
17
Index analysis) to reveal the extent to which taxonomic and phylogenetic structuring 18 reflected the likelihood of exogenous recruitment (Fig. 3) . Strong patterns of nestedness 19 are the classical expectation for a network of highly isolated sites (e.g., distant islands) 20 where passive sampling from regional pools and ordered sequences of extinctions play 21 the major roles in structuring local communities 43, 44 . Strong or perfect nestedness
22
indicates that species poor local communities are a proper subset of richer 23 communities. We used one of the most widely applied metrics of nestedness (NODF 44-24 46 ) and applied it to the occurrence of the 1,000 most abundant bacterial and fungal 25 taxa. The NODF metric, which ranges from 0 (no nestedness) to 100 (perfect 1 nestedness), can be decomposed into a compositional effect which ranges from 0 (no 2 nestedness) to 100 (perfect nestedness). This illustrates a compositional effect (i.e., 3 species poor communities consist of species that are a subset of richer communities; 4 NODFc) and an incidence effect (i.e., less frequent species always occur in site with 5 widespread species; NODFr). Null models applied to these metrics showed that 6 communities of both Bacteria and Fungi were significantly anti-nested (NODF <30 7 approx.) (Fig. 3a) . This general result implies that passive sampling from the regional 8 pool alone is not sufficient to explain the structure of local Antarctic communities. Both (Fig. 3a) , suggesting a potential major role of dispersal limitation for this group.
15
The Net Relatedness Index (NRI) added phylogenetic support to the findings of Correspondence and requests for materials should be addressed to S.B.P. Email: 7 stephen.pointing@yale-nus.edu.sg. Microbiol. 10, 497-506 (2012). 
19
Something in the way you move: dispersal pathways affect invasion success. 
Supplementary Methods
7
To overcome the technological and methodological limitations of earlier 8 approaches to aerosol sampling using low volume air pumps and impactor collection, 9 which are known to introduce significant sampling bias to airborne microbial sampling and these were used as the negative controls. All collection cones were soaked in 1.5%
18 sodium hypochlorite (NaClO) then washed with 70% ethanol and three washes of Milli-
19
Q H20 before being filled with filtered RNAlater . All sampling equipment was 20 disassembled between locations and cleaned with NaClO, ethanol and Milli-Q H20.
21
Samples in RNAlater were stored at 4C during transit from Antarctica and until
22
processed.
23
Air mass at near-surface (1.5m above ground) and corresponding soil sampling 
30
Airborne microbial samples from the RNAlater preservation solution were 31 filtered onto a 25mm 0.2µm polycarbonate filter and stored frozen until processed.
32
Total DNA was directly extracted using a CTAB protocol 8 . DNA was extracted from 33 three 0.75g ±0.025 of soil using the same CTAB protocol. DNA yield for these ultra-low 34 biomass samples was quantified using the Qubit 2. sequences. A total of 3,636 bacterial and 5,525 fungal taxa were identified from these.
10
All sequence data generated by this study has been submitted to the NCBI Sequence produce an abundance table of the occurrence of these OTUs within the communities.
34
The representative sequences were given taxonomic assignment using USEARCH
35
SINTAX classifier and RDP Warcup training set v2 (rdp_its_v2) 22 .
36
The resulting OTUs were then processed as previously described 23 that comparable yet inherently low biomass in all our air and ultra-oligotrophic mineral 42 soil samples minimised such influence and this was reflected in our diversity estimates. 43 An exception was that fungi in non-polar air were markedly more taxon-rich than in 
